Structural colours represents a research area of great interest, due to a wide field of application ranging from micro-security to biomimetic materials. At present metallic substrate are heavily employed and only a partial spectra of colours can be realised. We propose a novel, metal-free technology that exploits the complex scattering from a disordered three-dimensional dielectric material on a silicon substrate. We reproduce experimentally the full spectrum of CMYK colours, including variations in intensity. Our resolution lies in the nm range, limited only by the electron beam lithography fabrication process. We demonstrate that this technique is extremely robust, suitable for flexible and reusable substrates. Full of these notable proprieties these nano-structures fits perfectly with the requirements of a real-world technology.
INTRODUCTION
Colours play a vital role in our daily lives, both from a practical and psychological point of view and they have a very important role even in nature. 1 Colours are used in the animal world for many different purposes; animals very often exploit colours typically to camouflage, signal, advertise or for temperature regulation. Animals colouration originates from different mechanisms such as pigments, variable colouration by means of chromatophores, bioluminescence and structural colouration.
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If an object is illuminated with white light, a specific colour is perceived if it reflects to the observer a specific range window of wavelengths in the visible spectrum. In several millennia of evolution, nature has developed two main mechanisms in order to cut out specific wavelengths. One option is absorption of light, common in materials such as pigments, dyes and metals. The other possibility is to engineer a structure in such a way to remove specific range of wavelengths exploiting reflection, scattering and deflection of light. The latter has been subject of increasing attention by researchers in the last years, for its strong potential ranging from commercial to industrial and military applications.
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Structural colours are due to pure physical mechanisms connected with the complex interaction of light with micro and nanostructures.
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However all attempts to design artificial structural colours are based on expensive procedure and materials, such as metals and multi-layered structures. For example, Phc (photonic crystals) are a promising platform to realise structural colors thanks to the peculiar scattering dynamics of light with a regularly arranged ensamble of particles. This structures are widely used in nature, 19 however is not possible to understand their real optical properties exclusively from bands calculation because it doesn't take into account defects and disorder. The state of the art technology is represented by the use of metallic periodic structures of 140nm, which achieve to create only a limited number of colors of the spectrum. 20 Engineering the scattering from complex media already demonstrated to be successful in creating ultra-black material and new type of sources for optical applications.
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In this work we develop a novel technique based on random structure patterning by means of electron beam lithography, able to generate all the fundamental colours with a simple, scalable, low cost and metal-free procedure. Our new approach realises the fundamental colors of the CMYK (Ciano, Magenta, Yellow and Black) system, and therefore is able to represent any color in the spectrum, including variations in intensity. The resolution of each pixel is limited by the EBL only, ranging in the nm scale. With this technique, we can print substrates as simple as silicon with the resolution of 158760 dpi. This method is interesting in the field of micro-security, due to the impossibility of counterfeiting a random, three-dimensional pattern of pixels created on a transparent dielectric material.
FABRICATION PROCEDURE AND COLOURS
The simplest physical phenomena to produce colours is by thin-film interference, but in this way is not possible to be able to reproduce the whole spectrum. To address this problem we decided to start our investigation with the calculation of the different chromaticities that could be obtained through thin-film interference. We use the method of the transfer matrix to simulate a layer of Poly Methyl Methacrlylate (PMMA) deposited on top of Silicon. The PMMA is a resist commonly used in electron beam lithography that, after being spin-coated and baked on an hot plate for around two minutes, forms an hard and transparent layer. Fig. 1 shows the calculated colours for different thickness of PMMA, spin-coated on a Silicon substrate, from 170 nm to 395 nm, with 5 nm intervals. As shown in the figure 1, this method doesn't produce the whole spectrum and having a full palette of colours on the same sample by only thin film interference results impossible, from the fabrication point of view, due to the different thickness of PMMA resin needed to produce a single colour.
We have engineered our technique starting from a PMMA thickness of around 350 nm.
The fabrication process is shown in Fig. 2 . After the PMMA resist is spin-coated on a Silicon substrate, a pattern of random circles is transferred on the photoresist by means of electron-beam lithography (EBL). To obtain different colors starting from the same thickness of the resist we used different doses, that is, we exploited different exposure time to expose the substrate to the e-beam. Once the sample is developed in a solution of MIBK 1:3 the exposed design transfer is completed and the colours become visible on the exposed zone of the photoresist. In Fig. 2e -g a SEM image of the random pattern on the photoresist is presented, beside the precision of the pattern is not an issue, the filling fraction and the dimensions of the circles play the most important role to obtain different chromaticities. In order to change the colour perceived on the same substrate, we patterned different square zones of 20 µm side, changing the writing parameters of the EBL, the radius of the circles and the filling fraction of the squared patterned areas. Through fine tuning all the variables we are able to obtain all the different chromaticities and all the shades, as shown in Fig. 3a and b. In these figures a sequence of colors is obtained by varying the filling fraction along the horizontal direction, with the structure already presented in Fig. 2 e-g, and the doses increasing on the vertical direction. As it could be deduced, modifing the filling fraction only the shades change initially (left side of the figures), then we obtain also different chromaticities, such as going from blue to orange, passing through magenta and light purple (Fig.3a) .Two different radius are presented in Fig 3a and b , 80 nm and 150 nm respectively. In addition, as Fig. 3c confirms, mapping all the colours obtained on a chromaticity diagram, it is possible to notice that they are located all around the position where the white colour lies. Such a condition give us the possibility to generate the whole spectrum of colours, since it means that we are able to reproduce the chromaticities of the diagram only by patterning the PMMA surface with the EBL.
CONCLUSIONS
The absence of pigments in structural colours make them attractive for several reasons: they are environment friendly and they are robust and strong since they don't loose color under chemical or physical reactions. Significant progress has been achieved recently in this field, however the necessity to look for massive-industrial applications, to cut down expensive fabrication procedure and the inability to obtain the whole spectrum deter- mine the need of further development.
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To this aim we have investigated the possibility to obtain colours with a scalable and totally metal-free technology, exploiting all the three physical phenomena involved in the structural colours generation, that are reflection, scattering and deflection of light. Through a simple fabrication process involving electron beam lithography we managed to obtain all the fundamental chromaticities in CYMK system, as well as all the other colors present in the chromaticity diagram. In addition to that, thanks to the disorder introduced in our pattern, resolution is not a an obstacle anymore, since we are able to reproduce very complicated shapes being limited only by the resolution of the machine involved in the fabrication process. We have experimentally showed how, despite its simple geometry, tuning the random nano-structures fabricated in a standard photo-polymer, such as PMMA, unlocks the possibility to reproduce the full colour spectrum. In addition to that, this process could be easily scaled up thanks to other different lithography techniques, such as the nanoimprinting. We therefore present the chance to obtain robust, scalable and cheap structural colours, implementing a procedure that opens up to a more massive spread of this kind of technology for numerous large scale industrial applications in different fields, from the anti-counterfeiting to the cladding for vehicles and buildings, through wearable biomimetic electronics.
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At the same time, another intriguing characteristic of this platform is the possibility to easily strip the PMMA and reuse the substrate for printing a new image.
